INTRODUCTION
Genetic selection based on pedigree and phenotypes is well established for traits that are easy to measure. In the last decade, DNA markers for harder to measure traits have begun to be implemented, but most of these tests were not integrated into genetic evaluation systems based on pedigree and phenotypes. This is partly due to the small number of DNA markers reliably associated with traits. In cattle, for meat and carcass quality there are 2 genes that account for moderate genetic effects on meat tenderness, calpain 1 (CAPN1), and calpastatin (CAST; Barendse, 2002; Page et al., 2002) , which have been confirmed many times (White et al., 2005; Casas et al., 2006; Schenkel et al., 2006; Barendse et al., 2007a; Cafe et al., 2010) . Methods to incorporate smaller effects than these through genomic selection (Meuwissen et al., 2001 ) have been developed, and these methods should allow an integration of DNA marker and quantitative genetic approaches to animal improvement (Goddard and Hayes, 2007) .
The main objectives of this study were to identify more SNP associated with meat and carcass quality using the genome-wide association study (GWAS) methodology to confirm the significant SNP and to evaluate the performance of panels of the SNP for prediction of a phenotype. Approximately 54,000 SNP spread across the bovine genome were tested for associations with 3 traits of interest in a discovery sample, and a selection of SNP was evaluated in a confirmation sample. The traits of interest were intramuscular fat percentage (IMF), which is of particular importance due to price premiums for beef with high levels of IMF, meat tenderness measured as peak force to shear the LM (LLPF), and rump fat thickness measured in the chiller at the sacro-iliac crest of the third sacral vertebra (CHILLP8).
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because no new animals were handled in this experiment. The experiment was performed on trait records and DNA samples that had been collected previously. The animals in this experiment were born between 1993 and 1999 as described below.
The experiment consisted of 2 parts, an initial GWAS of 53,798 SNP genotyped over 940 animals in a discovery data set sampled from a large progeny test experiment that had been measured for several carcass and meat traits. Subsequently, 335 SNP, of which 329 were from the GWAS, were genotyped in a confirmatory data set of 1,338 animals of the same large progeny test experiment that had been measured for the same carcass and meat traits.
GWAS for Meat and Carcass Traits
The DNA of 940 beef cattle of the Genetic Correlations Experiment of the Cooperative Research Center for the Cattle and Beef Industry were used for the GWAS. The breeding of these animals was reported previously (Upton et al., 2001) . The measurements of IMF, CHILLP8, and LLPF have been reported previously (Perry et al., 2001) and genetic correlations between these traits reported (Reverter et al., 2003a) . These animals form the bulk of the sample reported previously in studies of residual feed intake (Robinson and Oddy, 2004; Barendse et al., 2007b) . The breed composition of the sample consisted of 220 Angus, 146 Hereford, 55 Murray Grey, 81 Shorthorn, 78 Brahman, 165 Belmont Red, 126 Santa Gertrudis, 25 TaurineBrahman crossbred animals, and 44 Tropical Composite-Brahman crossbred animals. All 4 grandparents of the animals in each of the 5 purebred or 2 composite breeds belonged to the particular breed. For the crossbred animals, the dams were all Brahman and the sires were either of 1 of the 4 taurine breeds or 1 of the 2 composite breeds. These represent the offspring of 246 sires, representing 34 herds of origin, each breed consisting of several herds of origin, 2 sexes, and 50 kill groups. The average number of half-sibs per sire was 3.8 with a range of 1 to 15 offspring per sire.
The DNA samples were genotyped using the Bovine SNP50 array by Illumina Inc. (Hayward, CA). Genotypes were analyzed for GC10 (GenCall quality at the 10th percentile) scores, call rates, call frequency, cluster separation, and deviations from Hardy-Weinberg equilibrium using the Genome Studio Software version 1.0. In addition, tests of repeated genotyping of the same animal were included, but the identity of the repeat was unknown to the genotyper and included individuals of known pedigree.
These methods were used to analyze the raw data and arrive at a final data set of n = 940 animals genotyped for 53,798 SNP. The bp designations for each genotype were converted to number of copies of a reference allele so that for an A/G SNP the AA genotype was 0, the AG genotype was 1, and the GG genotype was 2. The codes for each SNP are shown in Supplemental Table 1 (http://jas.fass.org/content/vol89/issue8/).
Confirmation of Associations for Meat Quality Identified in the 50K GWAS
The DNA of an additional sample of 1,338 beef cattle samples from the same large progeny test experiment (Genetic Correlations Experiment of the Cooperative Research Center for the Cattle and Beef Industry) was chosen for confirmation of the associations. The breed composition of the animals in the confirmation sample consisted of 655 Angus, 343 Hereford, and 340 Brahman animals, representing 3 of the 9 breeds or breedcomposites that were present in the discovery sample. The animals represent the offspring of 198 sires, representing 23 herds of origin, 2 sexes, and 142 kill groups. The average number of half-sibs per sire was 6.8 with a range of 1 to 31 offspring per sire. None of the animals used in the confirmation sample were used in the GWAS discovery sample. Of the 198 sires in the confirmation sample, 123 had half-sib offspring in the discovery sample, 463 of the 940 (49.2%) discovery animals were half sibs of animals in the confirmation sample, and 957 of the 1,338 (71.5%) animals in the confirmation sample were half-sibs of animals in the discovery sample. The size of the half-sib group in the discovery sample was positively correlated to the size of the half-sibs group in the confirmation sample for offspring of the same sire, with r = 0.46. The main genetic difference between the samples is that the confirmation sample contained no stabilized composite animals of breeds such as the Santa Gertrudis or first generation crossbreds such as F 1 Angus × Brahman animals.
The DNA samples were genotyped using a custom Illumina Golden Gate Assay (Supplemental Table 2 ; http://jas.fass.org/content/vol89/issue8/) using an Illumina iScan machine (Illumina, San Diego, CA) at CSIRO. This list consists of 384 SNP from a list of 443 SNP sent to Illumina and consists of all SNP significantly (P < 0.001) associated with IMF, CHILLP8, or LLPF in the GWAS for which assays could be generated, with the remainder consisting of SNP significantly (P < 0.005) associated with IMF and that were part of the Bovine SNP50 array or SNP mapped to regions that had previously been associated with IMF or LLPF (Barendse, 2008) . The significance thresholds of α = 0.001 and 0.005 (for IMF) were used in the GWAS to limit the number of SNP to be considered in the confirmation round. In GWAS, due to the number of tests, the more relaxed the threshold in the discovery sample the more false positives will be discovered. The more stringent the significance threshold the more likely it is that real genetic effects of small size will be overlooked due to sampling effects. After genotyping the animals for the confirmation sample, the genotypes were analyzed for GC10 scores, call rates, call frequency, cluster separation, and deviations from Hardy-Weinberg equilibrium using the Genome Studio Software version 1.0 to arrive at a final data set of 335 SNP for 1,338 animals (see Supplemental Table 2 ; http://jas.fass.org/ content/vol89/issue8/). Of these 335 SNP, the panel contained 75 of the 87 SNP significantly (P < 0.001) associated with IMF, 31 of the 63 SNP significantly (P < 0.001) associated with CHILLP8, and 32 of the 64 SNP significant (P < 0.001) for LLPF. In addition, 154 SNP significant (P < 0.005) for IMF were included, and 42 of the SNP near candidate genes for IMF and LLPF were included, resulting in 292 SNP selected for their significance to 1 of the 3 traits. Of these 335 SNP, 329 were in the Illumina Bovine SNP50 Array, so the discovery and confirmation samples were genotyped for 329 SNP in common. The 6 SNP that were not in the Illumina Bovine SNP50 Array are in the candidate genes CAST (Barendse, 2002; Barendse et al., 2007a) , stearoyl co-A desaturase 1 (SCD1; Taniguchi et al., 2004) , and calpain 3 (CAPN3; Barendse et al., 2008) . The specific SNP were CAST:c.2832A > G (CAST-2832), SCD:c.878C > T (SCD-878 GenBank AY241933.1), SCD-e638 (GenBank NW_003104582.1:g.7034766C > T), CAPN3:c.1882A > G, CAPN3:c.2082G > A, and CAPN3:c.2123A > T, which were respectively labeled CAPN3-2089, CAPN3-2289, and CAPN3-2330 in previous research (Barendse, 2007) , and the variant sequences for the 6 SNP are contained in Supplemental Table 3 (http://jas.fass.org/content/vol89/issue8/). The CAST-2832 was inserted as a positive control, whereas SCD-878, CAPN3-2089, and CAPN3-2330 are known nonsynonymous mutations in candidate genes for either IMF composition or LLPF.
Analyses
The phenotypes and genotypes were fitted in a mixed model of the form trait ~mean + fixed effects + SNP + animal + error using the software ASReml (Gilmour et al., 2002) where SNP was treated as a variable consisting of the number of copies of an allele, and animal and error were random effects. The SNP associations were evaluated by regression. For the carcass and meat quality traits, the fixed effects were breed, herd of origin, sex, and kill group of the animals (Reverter et al., 2003b) . Pedigree information for 5 generations was included as well as age in days at slaughter. Each breed consisted of several herds of origin, and herd of origin was nested within breed in case there were allele frequency differences between different herds within a breed as well as different management of herds on the properties from which the animals were obtained. Almost all kill groups were of a single sex, so sex (s) and kill group (KG) were concatenated to form sKG. In the GWAS sample, the regression was evaluated as a 2-tailed test against the null hypothesis of a regression coefficient of zero. The quantiles of the observed t-values for the GWAS experiment were compared with the quantiles of the standard normal distribution using a quantile-quantile plot (Q-Q plot) in the R-project software (Ihaka and Gentleman, 1996) downloaded from http://www.r-project.org to determine if there was an excess of extremely high observed values. In the analysis of the confirmation sample, the regression was evaluated as a 1-tailed test of the favorable homozygote of the discovery sample. The significance threshold was set at α = 0.05 because the SNP already had evidence for association from data in the experiment. If the discovery and confirmation data sets were combined, the association that had been found in the discovery sample would not be materially degraded by the addition of significant new data of this kind from the confirmation sample. However, if data from the confirmation sample showed either that the alternative homozygote was significantly associated with the trait or that there was no association in the confirmation sample, then it would degrade the evidence for the association when added to the data from the discovery sample. The proportion of the residual variance explained by a SNP was estimated by comparing the ratio of the residual sums of squares of a model that did not include the SNP to the residual sums of squares of the model that included the SNP. The false positive rate (FPR) = E p /O p where E p is the expected number of SNP with p-values below a particular significance threshold, given the number of SNP in the panel and assuming that all tests are independent, and O p is the observed number of SNP with P-values below that same threshold.
To analyze genes, their locations, and the position of SNP on the map, the Btau 4.0 Bovine Genome Assembly implemented at http://www.livestockgenomics. csiro.au/perl/gbrowse.cgi/bova4/ (Elsik et al., 2009) was used.
To calculate the molecular breeding value (MBV) for IMF for animals in the confirmation sample based on a panel of more than 1 SNP, first the allele substitution effects of all the SNP in the panel were estimated simultaneously using the genotypes and phenotypes from the discovery sample. Then, for each animal of the confirmation sample, for each SNP in the panel, the number of copies of the reference allele was multiplied by the allele effect of the SNP estimated from the discovery sample, and the resulting coefficients were summed across all SNP in the panel to generate the MBV. For n loci in the panel, for b i allele effects for SNP i obtained from the discovery sample and g ij genotypes (0, 1, and 2) in individual j at SNP i in the confirmation sample, the MBV m j for animals in the confirmation sample is
This method, on the additive scale for a quantitative trait, is similar to the method for predicting genetic risk of a complex trait applied to the multiplicative scale (Wray et al., 2007) . A bivariate analysis of the MBV and the trait values of individuals of the confirmation sample was performed using ASReml to calculate genetic and phenotypic correlations, and the squares of these correlations were used to estimate the genetic and phenotypic variance, r 2 G and r 2 P , respectively, explained by a panel of SNP. The MBV were calculated from panels of different numbers of SNP. Simultaneously estimated allele effects are affected by analytical method. We considered BayesA and BayesB (Meuwissen et al., 2001 ) and regression, which have substantially different assumptions about the underlying distribution of allele effects. The ASReml software used for regression has a limit of 280 SNP analyzed simultaneously on computers available to us, so we compared MBV from these methods using a set of 280 SNP that would fit in ASReml regression analysis. The MBV for IMF were calculated from 1) the most significant SNP in the discovery sample, 2) a panel of 190 out of the possible 229 SNP significantly (P < 0.05) associated with IMF identified by forward regression in the discovery sample (see below), 3) the most significant SNP in the confirmation sample, 4) a panel of 14 SNP identified by forward regression in the confirmation sample (see below), and 5) as many SNP as possible genotyped in both discovery and confirmation samples irrespective of whether they were associated with IMF or not, of which there was a maximum of 329 SNP in common. The subset of 280 SNP for comparing regression (ASReml), BayesA and BayesB are contained in Supplemental Table 2 (http:// jas.fass.org/content/vol89/issue8/). They were the first 280 SNP in alphabetical order, covered chromosomes BTA1-23, and included all the confirmed SNP for IMF (Table 2 ) but did not include 1 SNP (ARS-BFGL-NGS-40342) on BTA29 that formed part of the panel of 14 SNP (see Supplemental Table 5 ; http://jas.fass. org/content/vol89/issue8/).
To identify a panel of SNP associated with IMF by forward regression the following 3-step algorithm was used to identify the members of the panel. The idea behind this process is to progressively add to the panel the SNP that explain most of the variance in the trait after the effects of the previous SNP were removed.
Step 0: select the best SNP (with the greatest F-value) from a single-SNP regression analysis, fitting the SNP as a fixed effect on uncorrected data. This SNP is added to the pool of SNP. The defined critical threshold to enter SNP to the pool or model for multiple-SNP regression analysis was set at P = 0.05.
Step 1: perform the regression of the pool of SNP (consisting of 1 to as many SNP as are significant) fitted as a fixed effect on the original uncorrected data. This analysis results in a set of data corrected for the pool of SNP as well as other fixed effects, and these corrected values are subtracted from the original data. The resulting residual trait values are then used to identify new SNP to be added to the pool of SNP.
Step 2: select the best SNP in the data set, excluding those already in the pool, by fitting the SNP as a fixed effect on the residual trait values. This SNP is added to the pool of SNP and the critical threshold is the same as step 0. Repeat steps 1 and 2 in sequence until there are no more SNP with Fvalues significantly (P < 0.05) associated with residual variance.
RESULTS
There were slightly more SNP that were significantly (P < 0.001) associated with IMF than to either LLPF or CHILLP8 in the 50K GWAS (Table 1) . Given the size of the discovery sample the significance threshold of α = 0.001 generated a manageable number of targets for further study without increasing FPR too much. There were 87 SNP with significant (P < 0.001) associations with IMF, located across the bovine genome ( Figure 1 ) and listed in Supplemental Table 4 (http://jas.fass.org/ content/vol89/issue8/). Because of the number of SNP (53,798) tested, 54 of the SNP would be significant by chance at the α = 0.001 significance threshold, giving a FPR of 54/87 or 62%. There were 64 and 63 SNP with significant (P < 0.001) associations for LLPF and CHILLP8, respectively, listed in Supplemental Table 4 (http://jas.fass.org/content/vol89/issue8/), discovered at a FPR of 84% for both traits. Despite the increased FPR, the Q-Q plots for these traits showed an excess of greater t-values compared with the theoretical distribution. For example, Figure 2 shows the Q-Q plot for the LLPF GWAS, which is known to include the CAPN1 mutations, and this excess usually indicates a likely real discovery of SNP associated with QTL. Although the majority of these associations have not been confirmed, the results for all SNP are provided in Supplemental Table 4 (http://jas.fass.org/content/vol89/issue8/) for use in meta-analyses and for confirmation studies performed by other researchers.
The chromosomes with large numbers of significant (P < 0.001) associations in the discovery sample are different for the 3 traits (Table 1) . There was no overlap in the list of chromosomes that had the largest number of SNP associated with the 3 traits. The 5 chromosomes with the largest number of associations with IMF accounted for 35 out of the 87 significant (P < 0.001) SNP, and the 87 SNP were located on 26 chromosomes. Although BTA1 had the most associations with IMF, the region with the greatest concentration of significant associations was BTA5 at 21 Mb. The 5 chromosomes with the largest number of significant associations with LLPF accounted for 52 out of the 64 significant (P < 0.001) SNP, a much greater proportion than in the other 2 traits, indicating greater clustering of SNP on particular chromosomes, and the 64 SNP were located on 22 chromosomes. Bovine chromosome 12 had the most associations with LLPF consisting of 9 SNP, but the greatest concentration was on BTA29 at 45 Mb surrounding the CAPN1 gene. The 5 chromosomes with the largest number of significant associations with CHILLP8 accounted for 27 out of the 63 significant (P < 0.001) SNP, and the 63 SNP were located on 21 chromosomes. Bovine chromosome 14 had the most associations with CHILLP8 consisting of 8 SNP, and the greatest concentration was also on BTA14 at 23 Mb in a region containing the XK, Kell blood group complex subunit-related family, member 4 (XKR4) gene. The significant (P < 0.001) associations on BTA8 for LLPF and CHILLP8 did not overlap because none of the SNP associated with a single trait were within 1 Mb of SNP associated with the other trait. There were no SNP that were significantly (P < 0.001) associated for all 3 traits and only 1 SNP, BTA-105294-no-rs located at BTA3:91216203, was associated with both LLPF and CHILLP8. There were no SNP associated at the α = 0.001 significance threshold with effects on both IMF and LLPF or IMF and CHILLP8.
In the confirmation sample, a total of 13% (37/293) of the SNP that were chosen on their association with IMF, LLPF, or CHILLP8 in the GWAS were significantly (P < 0.05) associated with the same trait with the same favorable homozygote ( Table 2 ). The significance threshold of α = 0.05 for the same favorable homozygote was used because there was already information in the experiment that identified the SNP. The most significant SNP in the confirmation sample were not the most significant SNP in the discovery sample for IMF. Furthermore, of the SNP tested for IMF, 15% (11 of 75) of those that were significantly (P < 0.001) associated with IMF in the discovery sample were significantly (P < 0.05) associated with IMF in the confirmation sample and 9% (14 of 155) of those that were significantly (P < 0.005) associated with IMF in the discovery sample were significantly (P < 0.05) associated with IMF in the confirmation sample, a nonsignificant difference. Four regions, BTA4:18 Mb, BTA8:96 Mb, BTA10:85 Mb, and BTA11:80 Mb, had more than 1 significant (P < 0.05) SNP. In addition, BTA2, 8, 10, 14, and 16 had more than 1 significant (P < 0.05) SNP separated by >5 Mb on the same chromosome. Included in Table 2 is a SNP that had been significantly (P < 0.001) associated with CHILLP8 in the GWAS but was significantly (P < 0.01) associated with IMF in the confirmation sample, where the same homozygote increased CHILLP8 or IMF, respectively. It was not significantly associated with CHILLP8 in the confirmation sample.
There were 7 SNP significantly (P < 0.05) associated with LLPF out of the group of 32 SNP tested that had been significantly (P < 0.001) associated with LLPF in the GWAS. The CAST-2832 SNP, which is not in the Illumina Bovine SNP50 Array, was also significantly (P < 0.001) associated with LLPF in the confirmation sample. These 8 SNP were located to 2 chromosomes, 2 genomic regions on BTA7 and 1 on BTA29. Two of these regions contained the CAST and CAPN1 genes, and although other SNP near CAPN1 had shown stronger associations with LLPF than CAPN1_1 in the GWAS discovery sample, in the confirmation sample, the CAPN1_1 SNP was the most significant (P = 0.00068) of the SNP associated with LLPF on BTA29. The CAPN1_1 SNP is part of current genetic tests for meat tenderness. The CAST-2832 SNP, which is also part of current genetic tests, was not included in the Bovine SNP50 array, but it was the most significant (P = 0.00003) of all the SNP associated with LLPF in the confirmation sample. Interestingly, of the 4 SNP in the introns of or immediately 5′ or 3′ to the CALP gene, ARS-BFGL-NGS-43901, ARS-USMARC-670, ARS-USMARC-116, and BTA-111223-no-rs, which were included in the Bovine SNP50 array, none showed significant associations with LLPF in the discovery sample, even if a very relaxed (α = 0.05) significance threshold was applied. The third region, BTA7:50 Mb, which contained a SNP significantly (P < 0.05) associated with LLPF, was located more than 45 Mb away from CAST.
There were 5 SNP significantly (P < 0.05) associated with CHILLP8 in the confirmation sample out of the group of 31 SNP tested that had been significantly (P Table 1 . Summary of genome-wide associations for intramuscular fat percentage (IMF), rump fat measured at the sacro-iliac crest in the chiller (CHILLP8), and meat tenderness measured as peak force to shear the LM (LLPF) in the discovery sample Top 5 chromosomes with largest number of SNP significant at P < 0.001.
4
Percentage of SNP with P < 0.001 on the top 5 chromosomes compared with all chromosomes.
5
Genomic region with the largest number of SNP significant at P < 0.001.
6
Gene(s) located to this genomic region. Regression coefficient due to the regression of the trait on number of copies of an allele.
3 P-value for the SNP in the confirmation sample based on a 1-tailed test of the same favorable allele for the trait.
4
Gene location on the Btau4.0 assembly, gene symbol as in GenBank, SNP designated as in a gene if it occurs in the exons, introns, or other untranslated regions of a gene. nng = not near gene.
5
CHILLP8 in the genome-wide association study (GWAS) but IMF in the confirmation sample.
6
IMF in the GWAS but CHILLP8 in the confirmation sample. The quantile-quantile plots of the observed distribution of the t-values for the genome-wide association study of meat tenderness measured as peak force to shear the LM in the discovery sample compared with the standard normal distribution. The plot represents at least 50,000 data points. Points at the extreme of the observed distribution show values that are greater than expected. < 0.001) associated with CHILLP8 in the GWAS. The ARS-BFGL-NGS-104268 SNP on BTA14, which was significantly (P < 0.001) associated with IMF in the discovery sample, was significantly (P < 0.01) associated with CHILLP8 in the confirmation sample. These 6 SNP were located to 2 chromosomal regions, both on BTA14 separated by 15 Mb. Only 1 of the SNP was located to BTA14:38 Mb, the other 5 SNP were located to a narrow region between BTA14:22-23 Mb that included only the XKR4 gene. The association between these SNP and CHILLP8 had smaller P-values than P-values of any other SNP-trait combination in the GWAS, and had consisted of the cluster of 4 SNP all located to a region of less than 1 Mb in length on BTA14 as reported above. One of these SNP, BTB-01530836 located at BTA14:22768980, explained R 2 = 2.3% of the residual variance in the GWAS. However, in the confirmation sample it explained R 2 = 0.4%. Initially, MBV were calculated for IMF because there were many more SNP associated with IMF than the other traits, and of these 3 traits it is the one of most economic interest. In the bivariate analysis that compared phenotypes with the MBV calculated from a panel of markers (Table 3 ), a panel of the 4 SNP with the largest effects in the confirmation sample explained r 2 P = 2.2% and r 2 G = 6.1% of the variance in the confirmation sample. These 4 SNP were all of the SNP that each explained >1% of the residual variance for IMF. In comparison, a panel of the 4 most significant SNP from the discovery sample explained r 2 P = 1.5% and r 2 G = 3.8% of the variance in the confirmation sample. The performance of this latter panel was not materially different than panels of all of the 75 significant (P < 0.001) SNP from the discovery sample or all of the 190 significant (P < 0.05) SNP from the discovery sample identified by forward regression, which explained r 2 P = 1.2 or 1.3% and r 2 G = 3.6 or 4.0% of the variance, respectively. The panel that explained the most variance (Supplemental Table 5 ; http://jas.fass. org/content/vol89/issue8/) was obtained using forward regression in the confirmation sample and consisted of 14 SNP that explained r Table 5 ; http://jas.fass.org/content/vol89/issue8/), a deflation of more than 50% when analyzed as a panel. These 14 SNP were located on 12 chromosomes, and of the 2 pairs of SNP on the same chromosome none were closer together than 29 Mb. None of these 14 SNP showed significant linkage disequilibrium to another of the SNP in the panel. Expanding the panel to hundreds of SNP, irrespective of their level of significance to IMF in either the discovery or confirmation sample, resulted in a reduction in the amount of variance explained by the panel. Several methods of analysis agreed that the amount of variance was low when several hundred SNP were used. Some of the correlations between MBV and phenotypes were almost identical, such as for the estimates for 280 SNP using ASReml compared with the same 280 SNP using BayesB analyses, suggesting that the calculations are robust because the methods and their underlying assumptions are so different. Using the BayesB method to estimate MBV for a panel of 329 SNP explained r 2 P = 1.2% and r 2 G = 3.8% of the variance for IMF, which is not materially different than that explained by the most significant SNP in the discovery sample. Note that in all these calculations the SNP effects that were used to derive the predictions were always obtained from the discovery sample irrespective of whether the SNP were chosen on their level of significance in the discovery or the confirmation sample.
The MBV for LLPF and CHILLP8 were then calculated for differing numbers of SNP to determine whether increasing the number of SNP also decreased the amount of variance explained for these traits (Table  4) . Although a small panel of all the confirmed SNP explained r 2 G = 3.0 and 13.5% for CHILLP8 and LLPF, respectively (SNP contained in Table 2 ), when all 329 SNP were used the amount of genetic variance that was explained was r 2 G = 1.0 and 0.8% for CHILLP8 and LLPF, respectively, and panels of all the SNP significant (P < 0.001) in the discovery sample also did not explain large amounts of the genetic variance.
Although there are many confirmed SNP in anonymous loci, those with names starting with LOC (unknown locus in the Entrez database, GenBank), KIAA (Kazusa unknown cDNA index), and MGC (Mammalian Gene Collection), these are not significantly different than the distribution of named to anonymous genes in the bovine genome as a whole. There are 23,452 unique gene names annotated in the bovine genome to date (Gibbs et al., 2009) , of which 9,270 had anonymous LOC names, 26 had anonymous KIAA names, and 4 had anonymous MGC names. Confirmed SNP (Table 2) were located within introns and coding sequences of 9 named genes with assigned function, whereas confirmed SNP were located in 8 anonymous genes. These numbers increase to 12 named genes and 9 anonymous genes if SNP are counted that are in the intergenic sequences but are within 5 kb of the coding sequence. Both these distributions were not significantly (P > 0.05) different than the distribution of named to anonymous genes in the bovine genome as a whole. Apart from those SNP in CAPN1 and CAST, none of these SNP was in a gene that had previously been explored for these traits, nor was there such a gene within 1 Mb of the most significant SNP in a region.
Furthermore, 12 of the confirmed SNP were more than 50 kb from a gene in either direction. The average distance between SNP in the panel is 51 kb. Each of these 12 SNP was evaluated to determine whether there were closer SNP to a gene. Of these 12, one of these was near another SNP that was in a gene and was significantly (P < 0.05) associated with the same trait of IMF (BTB-00488794). However, BTB-00488794 was signifi-cantly (P < 0.0001) associated with the trait, whereas the SNP nearer the gene, ARS-BFGL-NGS-87787 in the gene LOC530677, was not as significant (P < 0.01) and explained less than one-half as much of the residual variance. One other SNP, ARS-BFGL-NGS-104268, was significantly (P < 0.05) associated with CHILLP8 and was near several SNP in the gene XKR4 that were significantly (P < 0.01) associated with the same trait, but both the proximal and distal neighbors between it and the nearby genes were nonsignificant. That particular SNP had been associated with IMF in the discovery sample. All the other 10 of these 12 confirmed Genotypic variance explained by the SNP. 7 MBV based on the 4 SNP with the strongest associations with IMF in the confirmation sample. 8 MBV based on the 4 SNP with the strongest associations with IMF in the discovery sample. GWAS = genome-wide association study.
9 MBV based on 14 SNP identified by forward regression in the confirmation sample.
10
MBV based on the 14 most significant (P < 0.05) SNP in the confirmation sample.
11
MBV based on the 75 significant (P < 0.001) SNP with associations with IMF in the discovery sample.
12
MBV based on the 190 significant (P < 0.05) SNP with associations with IMF in the discovery sample identified by forward regression. Table 4 . Comparison of molecular breeding value (MBV) prediction equations for rump fat measured at the sacro-iliac crest in the chiller (CHILLP8) and meat tenderness measured as peak force to shear the LM (LLPF) using panels of different numbers of SNP Genetic correlation between the SNP and the trait. Genotypic variance explained by the SNP.
7
MBV based on the SNP with strongest associations with the trait in the confirmation sample.
8
MBV based on the 31 significant (P < 0.001) SNP with associations with CHILLP8 in the discovery sample.
9
Excluding calpastatin (CAST)-2832.
10
MBV based on the 32 significant (P < 0.001) SNP with associations with the trait in the discovery sample.
SNP were in gene deserts where none of the SNP in the distant gene was significantly associated with the trait in the GWAS sample.
DISCUSSION
The main objectives of this study were to identify more SNP associated with meat and carcass quality using the GWAS methodology, to test as many of these SNP as possible to determine how many could be confirmed, and to evaluate the performance of panels of the SNP for prediction of a phenotype. Although many SNP were identified in the GWAS, and although more of these SNP were confirmed in a second sample than would be expected by chance, only 13% of the positives evaluated from the GWAS were significantly (P < 0.05) associated with the same trait and had the same favorable allele in a confirmation sample. This confirmation sample was genetically similar, so the reduced confirmation cannot be ascribed to genetic difference. Instead, it may represent the increased FPR found in GWAS studies. Three new genetic regions of interest for IMF were discovered, out of the 20 regions from which markers had been found significantly (P < 0.05) associated with IMF in the confirmation sample. These 3 regions each showed an association that explained R 2 > 1% of the residual variance. This threshold was chosen because it roughly corresponds to the amount of the residual variance explained by the CAPN1 and CAST SNP in these samples, which have proved to be useful DNA markers for meat tenderness. These are also of a similar size to moderately sized QTL affecting other traits, such as those due to the GH receptor (GHR), the prolactin receptor (PRLR), and the ATP binding cassette subfamily G, member 2 (ABCG2) that affect milk yield and milk component yield (Blott et al., 2003; Cohen-Zinder et al., 2005; Viitala et al., 2006) . These have been shown to explain 1% < R 2 < 2.5% of the residual variance for milk component yield (Turner et al., 2010) in a similar-sized sample to that used in this study. Although the coverage of the bovine genome was not exhaustive in this study (i.e., the average distance between SNP was 51 kb), it is unlikely that there are genes of very large effect and of moderate to high minor allele frequency affecting IMF, LLPF, or CHILLP8 segregating in these samples, because this study has been sufficiently powerful to identify and confirm genes of relatively small effect. In particular, there was no evidence of genes or genetic regions explaining as much variation for these traits as the DGAT1 or MSTN mutations explain for milk fat percentage or meat yield, respectively. For the traits of LLPF and CHILLP8, fewer markers were tested, and no new regions with confirmed QTL explaining R 2 > 1% were found. Some of the associations found in this study are consistent with the locations of QTL identified by linkage mapping in cattle. Only those examples are reported where the 2 studies roughly agree, bearing in mind that the confidence intervals on QTL locations are large (Visscher et al., 1996) . The confirmed association of a SNP at BTA7:50 Mb with LLPF is consistent with the location of a QTL affecting LLPF previously mapped to the central region of BTA7 and that did not include the CAST gene (Drinkwater et al., 2006) . The association of a series of SNP with CHILLP8 at 2 locations of BTA14 is consistent with QTL mapping studies of fat depth mapped to BTA14 (Casas et al., 2000 (Casas et al., , 2003 . In the central region of BTA2 there were 3 confirmed SNP for IMF in this study, each separated by more than 5 Mb from the next one, 2 of which have R 2 > 1%. One study has reported a well supported, broad centrally located QTL for marbling score in cattle on BTA2 (Casas et al., 2004) . At BTA14:61.7 there was a confirmed association with IMF in this study, and several linkage mapping studies located a QTL to the central region of BTA14 (Casas et al., 2003; Mizoshita et al., 2004; Choi et al., 2006) , in addition to the many reports of studies of possible candidate genes affecting marbling score or IMF located to this part of BTA14 (Barendse, 2008) . Finally, there were 2 SNP with confirmed associations with IMF on the central region of BTA16 in this study, which may correspond to a marbling QTL located in the central region of BTA16 (Casas et al., 2004) .
The lack of success that candidate gene approaches have when trying to identify QTL is highlighted by these results, which also suggest that the density of SNP coverage needs to be greater in those studies. The Bovine SNP50 array was designed to have evenly spaced markers across the bovine genome ) and there would have been SNP close to the candidate and positional candidate genes for fatness traits. The decay of linkage disequilibrium (LD) with distance in cattle breeds that has been reported previously (Barendse et al., 2007b; McKay et al., 2007; Gibbs et al., 2009) should mean that these SNP are at a density high enough to detect LD between noncausative SNP in a candidate gene and the trait of interest, although the density is not great enough for comprehensive coverage of a gene. Yet, the markers that were either identified in the discovery sample or replicated in the confirmation sample were not generally in candidate genes for these fatness traits. The main exceptions to this observation on candidate genes are the CAPN1 and CAST genes affecting meat tenderness, the effects of which were discovered some time ago. The CAST-2832 was not included in the SNP chip, yet there was still a significant (P < 0.001) SNP 1 Mb distance from CAST, and if CAPN1_1 had not been included in the SNP chip the CAPN1 gene would still have come to attention because there was a significant (P < 0.001) SNP close to it. Although these results would have raised interest in these 2 candidate genes, it should nonetheless be noted that all 4 of the SNP in and around CAST in the Bovine SNP50 array showed no association with LLPF. In the absence of other information this lack of association in the gene would have given a false signal for future research, particularly when one considers the high degree of replication of the association of the CAST-2832 SNP with meat tenderness, the degree of LD between SNP demonstrated in other studies, and the association of several SNP in CAST to LLPF (Barendse, 2002; Schenkel et al., 2006; Barendse et al., 2007a) . None of the candidate genes traditionally associated with fatness traits showed strong evidence of association when considering SNP within a 1-Mb window in the discovery population. None of the confirmed SNP was close to a well-studied, candidate, or positional candidate gene for fatness, nor were any of these genes identified as top candidates in gene expression studies (Wang et al., 2009 ). In our results, genes with substantial evidence for fatness traits were not candidate gene for fatness, whereas none of the previously studied candidate genes showed strong evidence for association. Our results cannot in general be used to rule out these candidate genes because the SNP density was not completely comprehensive and sufficient LD between the SNP in the Bovine 50K Array and potential causative alleles in the gene may not exist in our samples. The region near R3HDM1, which does have significant evidence for an association with IMF in both the discovery and confirmation samples, was identified previously not because it was a candidate gene but because it contained evidence of population genetic selection of gene frequencies ).
The calculated allele substitution effect of a SNP will vary from one data set to another, whereas the associations may be significant or not as the case may be and where the amount of variance explained by the SNP may differ substantially, particularly when the breeds or types of cattle used in one study differ from the breeds in another. In that sort of confirmatory analysis, the allele effects are unconstrained by data that have been collected previously. But in prediction and breeding, it is not enough to say that a marker was statistically significant and that it explains a certain proportion of the variance; one must calculate a breeding value from current data that can be used to compare with the actual phenotype in another sample. In estimating the molecular breeding value from the regression coefficients (allele substitution effects) of the panel of 14 SNP estimated simultaneously from the discovery sample data, this analysis explained r 2 P = 5.6% and r 2 G = 15.6% of the variance. This is a substantial proportion of the genetic variance, and it is encompassed by a relatively small number of SNP. Although this appears to be a useful amount of the variability, one needs to keep in mind that such a process will still show an upward bias in the amount of variability explained. The most unbiased method would be to genotype a third, large independent sample of cattle for these 14 SNP and then calculate the proportion of the variance that is explained by the 14 SNP. Because of a lack of such a sample, the breeding value in the confirmation sample was estimated using markers significantly associated with IMF in the confirmation sample but using allele substitution effect coefficients obtained from the discovery sample and then that breeding value was compared with observed IMF in the confirmation sample. Further genotyping of additional cattle samples, by us or by other researchers, will provide more unbiased estimates of the amount of variation explained by this panel of 14 SNP.
Although a forward regression method provided a panel of SNP that explained r 2 G = 15.6%, adding more SNP that were not associated with the trait substantially degraded the amount of variance explained. Adding hundreds of additional SNP to the panel, many of which were significant at either the α = 0.005 or α = 0.001 significance threshold in the GWAS discovery sample but which had not been found significantly (P < 0.05) associated with IMF in the confirmation sample, downgraded the prediction substantially, so that r 2 G = 3.8% was explained using 329 SNP. Essentially the same amount of variance was explained whether the 4 most significant SNP (P < 0.001) or the 190 significant (P < 0.05) SNP for IMF identified by forward regression in the discovery sample were used, highlighting the importance of using confirmed SNP. The MBV for CHILLP8 and LLPF showed the same effect of decreased variance explained when nonsignificant SNP were included in the MBV. The decreased similarity of the MBV and the phenotype when hundreds of SNP are used in the prediction panel is unlikely to be due to genetic differences between the samples. Although some of the evidence of association of a SNP in the discovery sample may have come from breeds that were not included in the confirmation study which may have resulted in a failure of confirmation of the SNP, the inclusion of SNP that have no effect on the trait should not have degraded the performance of the MBV. There are several possible explanations for this reduction in the amount of explained variance. First, putting SNP into a panel that are not associated with a trait could increase the error of prediction. Second, the analytical methods for calculating MBV were not efficient at removing the error associated with SNP that were not associated with the trait. Third, although the sample size used in this study was large enough to characterize marker panels of a small number of elements, it was not large enough to characterize panels with hundreds of elements when estimates are obtained simultaneously. Larger experiments, based on many more thousands of animals and investigating a much larger pool of SNP may be able to distinguish between these explanations because larger samples will give more accurate estimates of allele substitution effects, particularly when the estimates are calculated simultaneously. However, as the SNP used in this study were the most significant from the GWAS, the conclusions from such a larger study would only differ in degree rather than in kind unless the larger study found a substantially different list of highly significant SNP compared with this study. These results have implications for genomic selection because all available loci are used in those methods, whether statistically significantly associated with the trait or not, and the same process is used to handle nonsignificant SNP as was used in this study. These results suggest that it may be necessary to use only SNP that are confirmed to be associated with the trait of interest and that a SNP list should be available as supporting information for a set of prediction equations.
